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[57] ABSTRACT 

A conductance measurement circuit to measure con- 
ductance of a solution under test with an output voltage 
proportional to conductance over a 5-decade range, i.e., 
0.01 uS to 1000 uS or from 0.1 uS to 10,000 uS. An 
increase in conductance indicates growth, or multiplica- 
tion, of the bacteria in the test solution. Two circuits are 
used each for an alternate half-cycle time periods of an 
alternate squarewave in order to cause alternate and 
opposite currents to be applied to the test solution. The 
output of one of the two circuits may be scaled for a 
different range optimum switching frequency depen- 
dent upon the solution conductance and to enable unin- 
terrupted measurement over the complete 5-decade 
range. This circuitry provides two overlapping ranges 
of conductance which can be read simultaneously with- 
out discontinuity thereby eliminating range switching 
within the basic circuitry. A VCO is used to automati- 
cally change the operating frequency according to the 
particular value of the conductance being measured, 
and comparators indicate which range is valid and also 
facilitate computer-controlled data acquisition. A multi- 
plexer may be used to monitor any number of solutions 
under test continuously. 

19 Claims, 7 Drawing Sheets 
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Fig. 4a. 
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CONDUCTANCE MEASUREMENT CIRCUIT 
WITH WIDE DYNAMIC RANGE 

GOVERNMENT RIGHTS 

The invention described herein was made in the per- 
formance of work under NASA contract No. NAS 
8-50000 and is subject to the provisions of the National 
Aeronautics and Space Act of 1958 (42 U.S.C.2457). 

BACKGROUND OF THE INVENTION 

1. Purpose and Requirements of the Invention 

A circuit was needed to measure conductance, with 
an output voltage proportional to conductance, over a 
five decade range, such as from 0.01 microSiemens (uS) 
to 1000 microSiemens (uS) or 0.1 microSiemens (uS) to 
10,000 microSiemens (uS). 

(Definitions of resistivity, conductance, and conduc- 
tivity are given in Appendix II.) 

The primary use of the circuit would be to measure 
the conductance of solutions, such as in those solutions 
containing biological growth media in a bacteriological 
sample, where an increase in the conductance of the 
solution indicates growth, or multiplication, of the bac- 
teriological colonies. FIG. 1 illustrates schematically a 
typical chamber 10 containing a test solution with elec- 
trodes 1 and 2 within the solution. The electrodes are 
used to apply current to the test solution. More informa- 
tion about one type of such chambers and electrodes is 
available in the U.S. Pat. No. 4,072,578 to Cady et al. 

1. One requirement of this type of measurement cir- 
cuit is that the current used to measure the conductance 
of the solution must alternate in polarity and contain an 
insignificant component of net direct current in order to 
minimize polarization of, or electrically induced 
changes to, the measuring electrodes in the solution. 

2. Another requirement is that the measurement of 
solution conductance must ignore the effects of elec- 
trode capacitance of the solution conductance (gener- 
ally in solutions the inductive component is negligible) 
and only measure the dissipative component of the 
solution conductance (due to solution resistance). 

3. A further requirement is to maximize the dynamic 
range of the output measurement (minimize the switch- 
ing of ranges) to facilitate computer-controlled opera- 
tion. 

4. A further requirement is that the conductance 
output signal be essentially immune to the effects of 
ambient temperature changes to the circuit components 
over an operating range of 0 to 55 degrees Centigrade. 

3. Prior Art 

Background Information 

Conventional conductance circuits utilize circuitry 
which applies alternating current to the electrodes to 
minimize the effects of electrode polarization and thus 
meet requirement No. 1 above. Also, conventional con- 
ductance measurement circuits ignore the effects of 
capacitive load components by exciting the load with 
square current signals and sampling the voltage after 
the capacitive components are charged and thus meet 
requirement #2 above. 

The dynamic range of measurement of conventional 
circuits, however, is limited because of the use of linear 
gain circuitry which requires switching of several 
ranges. In addition, conventional circuitry will gener- 
ally provide for operation at typically two different 
frequencies, but generally the frequency change must 


2 

be effected in discrete steps along with switching of 
ranges. 

A basic circuit which produces an output propor- 
tional to conductance is shown in FIG. 2, in which AR1 
5 is an operational amplifier, Rr is a resistance whose 
conductance is to be measured, R is a fixed resistance, 
e; is a fixed input DC voltage, and e 0 is the output volt- 
age. The expression for the output voltage is 


10 



(l) 


The conductance, Gr, of the test resistance Rris 


15 



( 2 ) 


Combining eqs. (1) and (2) we obtain 


20 


e 0 = -eiRGr 


(3) 


If e/and R are constants, and k=e/R, equ. (3) becomes 

25 e 0 =kG T (4) 

which shows that the output voltage e 0 is proportional 
to the conductance Gr of the resistance Rr under test. 
Measurement of the conductance of Rr in FIG. 2 is 
30 accomplished by applying a known, fixed value of DC 
current through Rrand developing a voltage, e^, pro- 
portional to its conductance. If Rris the resistance of a 
solution in which electrodes are used to apply current as 
in FIG. 2, then, in order to minimize electrode polariza- 
3 5 tion effects, the current through Rrmust be made to 
move in alternate directions at typical rates of a few 
hundred to a few thousand Hertz. When electrodes are 
used to measure the conductance of a solution, a capaci- 
tive component commonly appears along with the resis- 
4 q tive component, the capacitive component being due to 
the interaction of the electrode with the ionized fluid in 
the solution under test. 

One commonly used circuit configuration for apply- 
ing alternating current to a solution under test and pro- 
45 ducing an output proportional to conductance which 
depends upon only the resistive component, Rr, and not 
the capacitive component, Cr, is shown in FIG. 3 a. The 
input voltage, e/, is now a squarewave of typically a few 
hundred to a few thousand Hertz (FIG. 36), which 
50 causes a corresponding squarewave of alternating cur- 
rent to flow through Rrand Cr- The output of AR1 
(FIG. 3c), is a positive and negative exponential voltage 
due to the charging of Craltemately toward the poten- 
tials —Vo and -f-Vo. Without the capacitor Cr , the 
55 output waveform would be as shown in dashed lines in 
FIG. 3c. If the amplitude of the output waveform is 
sampled after the capacitance is fully charged, only the 
effect of Rrwill be measured, and Ct will be ignored. 
Switches SI and S2 are activated at times tl and t2, 
60 respectively, (FIGS. 3 d and 3c), and AR2 causes inver- 
sion of the negative sampled voltage. A voltage, t 0 
(FIG. 3/), proportional to only the resistive portion of 
the conductance of the solution, appears at hold capaci- 
tor Cl. Buffer amplifier AR3 provides a low impedance 
65 output. 

Limitation of Previous Method 

The circuit of FIG. 3ct produces an output propor- 
tional to conductance, but only over a limited range of 
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conductances; a practical range of operation for this 
circuit might be over an output range of e 0 from -1-30 
mV to H- 10 V, or a conductance measurement range of 
333-to-l. To operate over a 5-decade range, or a 
100,000-to-l dynamic range, some means of range 5 
switching would be required, such as changing the 
value of R in FIG. 3 (Ra and Rb) so that e 0 would 
always stay within 4-30 mV to 4* 10 V. For example, if 
e/ were assumed to be 4-/— 1 V, a required total mea- 
surement range of 0.01 uS to 1000 uS, and e 0 = 30 mV to 1° 
10 V, two different values of R would be required to be 
switched into the circuit of FIG. 3, as shown in Table I: 



TABLE I 


_ 15 

Conductance Range 

Resistance Range 

Value of R 


3 uS to 1000 uS 

1 k to 333 k 

10 k 


.01 uS to 3 uS 

333 k to 100M 

3.3M 



It is therefore an object of this invention to improve 20 
the prior art and provide the following: 

1. Ability to measure conductance in one continuous 
Five decade range which may be read out in two over- 
lapping ranges to reduce the dynamic range require- 
ments of a practical data acquisition system, 

2. Automatic range indication to facilitate computer- 
controlled data acquisition, 

3. Temperature compensation inherent in the design, 

4. Optimum operating frequency automatically se- 
lected according to conductance value being measured. 

SUMMARY OF THE INVENTION 

To meet the foregoing objects, a conductance mea- 
surement circuit is provided to measure conductance of 
a solution under test with an output voltage propor- 
tional to conductance over a 5-decade range, i.e., 0.01 
uS to 1000 uS or 0.1 uS to 10,000 uS. An increase in 
conductance indicates growth, or multiplication, of the 
bacteria in the test solution. Two circuits are used each 40 
for an alternate half-cycle time periods of an alternate 
squarewave in order to cause alternate and opposite 
currents to be applied to the test solution. The output of 
the one of two circuits may be used to provide control 
for a different optimum switching frequency dependent 45 
upon the solution conductance and to enable uninter- 
rupted measurement over the complete 5-decade range. 
This circuitry provides two overlapping ranges of con- 
ductance which can be read simultaneously without 
discontinuity thereby eliminating range switching 50 
within the basic circuitry. A VCO automatically 
changes the operating frequency according to the par- 
ticular value of the conductance being measured, and 
comparators indicate which range is (or ranges are) 
valid and also facilitate computer-controlled data acqui- 55 
sition. Many test solutions may be monitored by the use 
of a multiplexer in the measurement circuitry. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic perspective view of a prior art 60 
chamber and solution under test with electrodes posi- 
tioned to apply an electrical current to the solution, 

FIG. 2 is a schematic of a prior art measurement 
circuit for measuring the conductance of a solution 
under test, 65 

FIG. 3a is a schematic of a prior art conductance 
measurement circuit taking into consideration the ca- 
pacitance of the electrodes in the test solution, 
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FIG. 3 illustrates the timing diagrams for the mea- 
surement circuit of FIG. 3 a, 

FIG. 4a is a schematic of a DC conductance measure- 
ment circuit constructed according to the teachings of 
this invention to facilitate understanding of the opera- 
tion of the circuitry, 

FIG. 4 b is a schematic and accompanying table illus- 
trating the operation of the circuitry of FIG. 4a, 

FIG. 5 is a schematic of a conductance measurement 
circuit of this invention, 

FIG. 6 is timing diagram of the circuit of FIG. 5, 

FIG. 7 is a graph of output versus conductance (high 
range) as a calibration standard, 

FIG. 8 is a graph of output versus conductance (low 
range) as a calibration standard. 

FIG. 9 is a schematic diagram of high and low range 
comparators, 

FIG. 10 shows a graph, conductance versus hours, of 
six solutions under test, and 

FIG. 11 is a schematic of a multiplexing circuit for 
continuously and automatically monitoring a plurality 
of test solutions. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENT 

Basic Principles 

The present invention enables measurement of at least 
5-decades of conductance over one continuous range, 
eliminating the need for range switching within the 
basic measurement circuit. Two overlapping output 
ranges are used, but, unlike the discrete ranges required 
for the circuit of FIG. 3a, the overlapping values can be 
read simultaneously, so that no discontinuities of read- 
ings must be tolerated. 

FIG. 4a is a schematic of the basic portion of the 
measurement circuit of this invention without the addi- 
tional circuitry required to periodically reverse the 
current to allow the principles of operation to be more 
easily explained. Resistance R^and conductance C7, 
representing the solution conductance G to be mea- 
sured, are connected from the output of operational 
amplifier AR1 to the negative input of AR1. The nega- 
tive input of AR1 is connected to a common-base con- 
nected transistor Q2A whose emitter is connected at 
node B to a buffer amplifier AR3. The positive input of 
AR3 is connected to the drain of p-channe! FET transis- 
tor Q1 and to a voltage reference VI of — 1 V. The 
output of AR1 is connected through a resistor R2 to a 
comparator AR4 which compares the voltage ei at the 
output of AR1 to a precise voltage reference V2 of 4- 1 
V. Capacitor Cl is connected to the output of AR4 and 
its negative input. R2 and Cl form an RC network for 
loop compensation. The output of the comparator is 
connected to the gate of the FET transistor Ql. The 
emitter of Q2A is also connected at node B to the emit- 
ter of the common-base connected transistor Q2B and 
transistor Q2B is connected to the negative input of an 
inverting amplifier AR2. Transistor Q2A, connected to 
function as a diode, becomes a variable input resistance 
to control the input current to AR1 according to the 
magnitude of voltage ei. To cover the conductance 
range of 0.01 uS to 1000 uS, the input current to AR1 
must vary from 10 nA to 1 mA, and over this range, e/„ 
need only vary from about 220 mV to 700 mv due to the 
logarithmic characteristic of the diode-connected tran- 
sistor Q2A. See App I. The output voltage ei of AR1 is 
maintained at 4- 1.000 volt DC by comparing the output 
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voltage ei to a precise reference voltage V2 of 4-1.000 
volt and feeding the amplified error signal back to tran- 
sistor Q1 which acts as a voltage-variable attenuator, 
varying the amplitude of e in , which adjusts the input 
current to AR1, tending to stabilize the output of AR1 5 
at +1.000 volt. Increasing Rr requires a reduced cur- 
rent to be supplied through Q2A in order to maintain e* 
at exactly + 1.000 volt; the error voltage at the output 
of AR4 changes in the negative direction, causing the 
effective resistance of Q1 to decrease, reducing e/„, and 
restoring ei to +1.000 volt. An output proportional to 
the conductance of Rr is obtained by applying e/« to 
Q2B which has very nearly identical characteristics to 
Q2A, as they are specified as a matched pair, and manu- 
factured on the same die. Therefore, if e 0J i» e 0S 2 j iosh and 
ios 2 are sufficiently close to zero, i*i and i*2 will be equal, 
since the same voltage appears across Q2A and Q2B. 

(eoji is the voltage between the negative input of AR1 
and ground, e 0S 2 is the voltage between the negative 
input of AR2 and ground, io S \ is the current flow to the 20 
negative input of AR1 and i 0 s2 is the current flow to the 
negative input of AR2. Current 41 is the current flow 
through Q2A and i e 2 is the current flow through Q2B). 

Resistor R1 is chosen such that when Rris the mini- 
mum desired resistance (maximum conductance) e 0 25 
corresponds to the desired full-scale voltage. Appendix 
I describes in detail the mathematical relationships 
which show that output e 0 is linearly proportional to the 
conductance of Rr and insensitive to temperature 
changes. 

FIG. 4 b is a schematic of a portion of the circuitry of 
FIG. 4 a to emphasize and delineate the function of the 
matched transistor Q2 (Q2A and Q2B of FIG. 4 a) with 
the latter being replaced by diodes D2A and D2B. D2A 
and D2B operate at the same temperature since they are 35 
a matched pair. Voltage e/« is shown as a variable volt- 
age source and the resistance Rris identified as variable 
and resistor R1 is identified as fixed. This figure also 
shows, in the accompanying table, that a small change 
in voltage at e/ w produces a large change in current, i/„ 40 
accomodating a large variation in conductance, while 
the output voltage ei is held constant and eo varies in 
proportion to conductance of the solution under test. 
This information is stated in Appendix I but restated in 
this figure for emphasis. While the table in 4 b shows ei 45 
as +1 V, the total conductance range of this circuit may 
be changed from the range of 0.01 uS to 1000 uS to a 
range of 0.1 uS to 10,000 uS by reducing ei to 0.1 V. 

Additions Required for Measuring Solution 
Conductance 

The circuit of FIG. 4 a is sufficient for measuring 
conductances which are not subject to polarization 
effects (if Cris present, it is ignored because the current 
through Rris flowing only in one direction). When the 55 
conductance of a solution must be measured, the circuit 
of FIG. 4 a is modified as in FIG. 5. Here, two circuits 
similar to FIG. 4 a are superimposed, and each is utilized 
for alternate half cycle time periods in order to cause 
alternate equal and opposite currents in Rjand Cr- The 60 
same scheme is used for ignoring the effects of the shunt 
capacitance Cr as was described for the circuit of FIG. 

3, e.g., sampling the output of AR1 after Cr has fully 
charged, just before reversing the polarity of the excita- 
tion current. All of the equations of Appendix I apply 65 
directly to the circuit of FIG. 5. 

The two circuits are identified on the left of FIG. 5 as 
H for high range and L for low range with high and low 


6 

range outputs eoi and eo2, respectively, and identified 
on the right of FIG. 5. It should be apparent that the 
low range circuit is almost identical with the circuitry 
of FIG. 4 a and has a p-channel FET QI2 while the high 
range circuit has an n-channel FET Q2\. To simplify 
the description of the circuits, the high range circuit 
will have the same reference identifications to identify 
identical components as in FIG. 4 a but with the sub- 
script 1, and the low range circuit will have the same 
10 reference identifications as in FIG. 4 a but with the 
subscript 2. 

In FIG. 5, the resistance Rjand capacitance Cjare 
connected across operational amplifier AR1 as in FIG. 
4o. Since this amplifier serves both circuits, it has not 
15 been given a subscript. The negative input of AR1 is 
connected the same as in FIG. 4 a but an analog switch 
SI is interposed between Qli and AR3, the emitter of 
Q2A is connected to the negative input of AR3, and 
VI 1 is a positive voltage source. The output ej of AR1 
is connected through analog switch S3 to one side of 
capacitor C2i and to the positive input of buffer ampli- 
fier AR%i. The other side of capacitor C2i is grounded. 
The positive side of capacitor C2i and the output of 
AR5i are connected through resistance R2i to compara- 
tor AR4i which compares voltage ei with a precise 
voltage source V2i of — 1.000 V. The capacitor Cli and 
resistor R2i form an RC network for loop compensa- 
tion. The output of AR4i is connected back to the gate 
of Qli. AR3i is connected at node A to transistor Q2Bi, 
30 as in FIG. 4 a, and to inverter AR2i, through resistor R3 
to AR6, connected to operate as a low pass filter, whose 
output is e 0 i, the high range output. The inverter AR2i 
reverses the polarity of the output of Q2Bi so that eoi is 
positive. 

The low range circuit is almost identical to the circuit 
of FIG. 4 a except that an analog switch S2 is interposed 
between QI2 and AR32 and the output ei of AR1 is 
connected through an analog switch S4, to one side of 
capacitor C22 and to the positive input of a buffer ampli- 
fier AR52. The other side of capacitor C22 is grounded. 
The output of AR5 2 is connected to the negative input 
of comparator AR4 2 through resistance R22 to compare 
the output of AR5 2 with voltage source V2 2 . V2 2 is a 
precise positive voltage source of + 1 V connected to 
the positive input of AR4 2 . Cl 2 and R22 form an RC 
network for loop compensation. The output of AR42 is 
fed back to Ql 2 and transistor Q2B 2 is connected to 
AR2 2 , connected as a low pass filter which provides the 
low range output e 0 2- No reversal of polarity is required 
50 to provide a positive output eo 2 . 

In this circuitry, the high range output voltage e 0 i is 
connected to the input of a voltage control oscillator, 
shown as a block diagram VCO, and its output is con- 
nected as CHI directly to switch SI and also through an 
inverter I as CH2 to switch S2. The output of the VCO 
is also connected to a timing logic circuit, shown as a 
block diagram TL, whose output is connected via SHI 
to switch S3 and via SH2 to switch S4. Finally, both 
high and low range output voltages e 0 i and e o2 are con- 
nected to two comparators, shown as a block diagram 
CS. 

Optimum Switching Frequency 

The optimum switching frequency depends upon the 
solution conductance. For high conductances in the 
range of 3 uS to 1000 uS, a frequency of 400 Hz to 1 kHz 
is preferred, and for low conductances in the range of 
0.01 uS to 3 uS, a lower frequency of 10 Hz to 400 Hz 
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is preferred. To enable uninterrupted measurement of 
conductance over the complete 5-decade range, the 
VCO changes the operating frequency according to the 
particular value of conductance being measured. At 
0.01 uS, the operating frequency is approximately 10 5 
Hz, linearly increasing to 1 kHz at a conductance of 
1000 uS. The VCO in FIG. 5 is controlled by output 
voltage Coh so that its output varies from 10 Hz to 1000 
Hz as e 0 i varies from 0 V dc to 10 V dc. 

10 

Operation of Switching Circuits, Sample and Hold 

Circuits, and Timing Logic 

As shown in FIG. 6, the output waveform from the 
VCO in FIG. 5 is a symmetrical squarewave which is 
connected to analog switch SI. This waveform is in- 15 
verted and connected to analog switch S2. Therefore, 
channel 1 is operative while channel 2 is off, and chan- 
nel 1 is off while channel 2 is on. As the timing diagram 
shows, the waveform at ei indicates an initial slow rise 
while capacitor Cr charges, then a flattening or stabili- 20 
zation toward the end. While SI is on, the waveform at 
ei is negative-going. At the end of the negative-going 
portion of the waveform at ei, the SHI pulse momen- 
tarily closes switch SI charging capacitor C2i to the 
peak negative voltage of the waveform. The capaci- 25 
tance of C2i is sized so that the charge on C2i dis- 
charges an insignificant amount during a half-cycle of 
the timing waveform through the high shunt resistance 
presented by buffer amplifier AR5i. S3, C2i and AR5i 
are connected to form a sample-and-hold circuit. The 30 
time constant of R2j and Cli is long enough to provide 
loop compensation sufficient to allow the voltage at ei 
to be stabilized at — 1 V during the intervals that SI is 
on. When S2 is on, ei is stabilized at -f 1 V in a similar 
manner. 35 

FIGS. 7 and 8 are graphs of output versus conduc- 
tance and comparator logic with the reference voltages 
V2i and V22 at 1 V. FIG. 7 is a graph of the high range 
and FIG. 8 is a graph of the low range. These graphs are 
actual circuit output data which were used to standard- 40 
ize the conductance measurement circuit and also 
clearly show the overlapping of the ranges for continu- 
ity. 

Automatic Range Indicators 45 

Logic levels D1 and D2, 0 to +5 V, (FIGS. 7 and 8) 
are used to indicate which of the two outputs, high 
range output t 0 \ and/or low range output e 0 2 , are valid. 

As shown in FIG. 9, two comparators, one, identified as 
High Range Comparator, compares the high range 50 
output to a reference voltage of approximately 20 mV, 
which represents the output present when the conduc- 
tance under test has a value of approximately 2 uS. The 
comparator output is a high logic level when the con- 
ductance is 2 uS or above. Similarly, the second com- 55 
parator, identified as Low Range Comparator, com- 
pares the low range output to a reference voltage of 
approximately 1 1 V, which represents the output pres- 
ent when the conductance under test has a value of 
approximately 4 uS or below. Therefore, in the vicinity 60 
of 3 uS, both outputs are valid, providing continuous 
conductance readings without interruption. FIG. 9 
shows that the output of both comparators may be 
provided with suitable light emitting diodes for visible 
monitoring. Since these comparators are conventional, 65 
no further description is deemed necessary. 

As mentioned previously in connection with FIG. 4 b, 
the total conductance range of the circuit may be 
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changed from the range of 0.01 to 1000 uS to the range 
of 0.1 to 10,000 uS by reducing the reference voltages 
V2j and V2 2 from 1 V to 0.1 V. With the latter ranges, 
the graphs as shown in FIGS. 7 and 8 will show a high 
range conductance of 10 to 10,000 uS and the output 
voltage will range from 0.01 V to 10 V and the low 
range conductance will show conductances from 0.1 to 
100 and the output voltage will range from 0.003 V to 
33 V. The overlapping of the ranges will occur at about 
33 uS. The optimum switching frequency for the high 
conductance range will be from a frequency of 400 Hz 
to 1 kHz and for low conductance, a frequency of 10 Hz 
to 400 Hz. 

FIG. 10 are graphs of six different test solutions hav- 
ing been monitored by the conductance measurement 
circuit of this invention and also showing at points “A” 
where growth, or multiplication, of bacteriological 
colonies in the solutions under test began. The graph 
marked "C” is a control solution with no change in 
conductance. This FIG. also shows automatic data 
acquisition capability of this invention. 

FIG. 11 illustrates a multiplexer M in the conduc- 
tance measurement circuit and suitably connected to 
the electrodes 1 and 2 of test solutions R n, Cn to R tn> 
C 77 v and across AR1 for monitoring conductance of any 
number of such solutions. 

APPENDIX I 

Conductance Circuit Analysis 

We wish to describe the relationship between the 
output voltage t 0 of FIG. 3 and the conductance of the 
test resistance, R r. 

Assumptions: 

a. t os u e M 2, iosh and iosi=0 t 

b. Vtei=Vte 2 =Vte, 

c. Q2A & Q2B are a matched pair, with identical 
temperature drift characteristics. 

Operating Range of e/„: The voltage e/ w determines 
the current through Q2A and Q2B, and to cover a 5- 
decade range, the total required range of tin must be 
within practical limits to ensure reliable circuit opera- 
tion. The expression for the voltage V&>in FIG. 3 of the 
main text is 


Vbe = 




0 ) 


where 

k=Boltzman’s constant =1. 3 8062E-23 J/°K., 

T= absolute temperature (°K.), 
q=unit charge=1.60219E-19 coulombs, 

emitter saturation current (typically 10E-13A). 
From FIG. 3 of the main text, the range of i € \ and i e 2 
required to measure conductance from 0.01 uS to 1000 
uS is 


Solving eq. 2 for Lima* and ie\min using the minimum 
and maximum values of Rr, respectively, in Table I of 
the main text we obtain 

iel max— ~~ 1mA, Ul min= ~ 10 na. 

Table I gives values of e/« for i e \ =i e 2 =I e of — 1mA and 
— lOnA, at temperatures of 0° C. and 55° C. 
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TABLE I 
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i e (amps) 

V**@0° C. (volts) 

@ 55* C. (volts) 

— 1 mA 

-.545 

-.709 

— 10 nA 

-.218 

-.284 


Therefore the range of e,« over the 5-decade conduc- 
tance range and a typical operating temperature range 
of 0° C. to 55° C. is only —0.218 V to —0.709 V, a very 
easy range to accommodate. 10 

Expression For Output Voltage vs Conductance: 
From FIG. 3 of the main text 

to - -1*2*1 (3a) 

15 

ei (3b) 

lel Rr 

But ie\ =i*2, since Q2A and Q2B are a matched pair with 
identical temperature drift. 20 

*i (3) 

The conductance under test, Gt, is the reciprocal of 25 
resistance. 

Therefore 


Gt=i/Rt 


Since ei and R1 are constants, let k=ei Rl. 
Equation 3 becomes 


30 


e 0 =kG T (4) 

which states that the output voltage e 0 is proportional to 
the conductance under test, G7. Also, from the above 
discussion, e 0 is insensitive to temperature effects, as- 
suming Q2A and Q2B are a matched pair. 

APPENDIX II 


Definitions 


Conductance: Conductance, G, is the reciprocal of 
resistance, R: 


45 


G—l/R. 


Resistivity: Resistivity (p) is the resistance of a de- 
fined volume of a substance, and is defined by the rela- 
tion 50 

p = R-j- ohm-cm ^ 

where 55 

R = Resistance measured between the electrodes, 
a = Area of electrodes at each end of substance being 
measured, 

L= Length of substance under test (distance between 
electrodes). 60 

Conductivity: Conductivity (y) is the reciprocal of 
resistivity, and is defined by the relation 

y = -L — -L— _ g— Siemens cm ^ 

1 p Ra a 65 

The conductivity of a solution may be determined by 
measuring the conductance of the solution and applying 
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a correction factor which is determined by the geome- 
try of the measurement cell. 

We claim: 

1. A circuit for measuring the conductance of a solu- 
tion under test which contains biological growth media 
where an increase in the conductance of the solution 
indicates growth, or multiplication, of bacteriological 
colonies and in which a pair of spaced-apart electrodes 
are placed for applying current to said solution, com- 
prising, 

first means connected to said electrodes for applying 
current to said electrodes and for maintaining a 
voltage drop at a predetermined value regardless of 
any change in conductance of said solution, 
second means connected to said first means for ad- 
justing the current necessary to maintain said volt- 
age drop at said predetermined value, 
third means connected to said second means respon- 
sive to said second means to provide a current 
output responsive to the change in voltage drop so 
that the output of said second means remains con- 
stant, 

said second and third means including means which 
responds to a small change in voltage drop pro- 
vides a large current output to produce a wide 
range of conductance measurement, and 
fourth means connected to said third means for pro- 
ducing an output proportional to conductance of 
said solution. 

2. The circuit as claimed in claim 1 wherein said first 
means comprises, 

conductance responsive means having an output con- 
nected to one electrode and an input connected to 
the other electrode so that said conductive respon- 
sive means will have the same voltage drop as that 
of said solution, 

wherein said second and third means comprise, 
a variable voltage source, and 
a variable nonlinear voltage-controlled input resis- 
tance means connected to said variable voltage 
source and to said input to control current at said 
input according to the magnitude of the voltage 
applied by said variable voltage source, and 
wherein said fourth means comprises, 
a second variable nonlinear voltage-controlled input 
resistance means connected to the same variable 
voltage source and having the same characteristics 
as said first variable resistance means. 

3. A circuit for measuring the conductance of a solu- 
tion under test which contains biological growth media 
where an increase in the conductance of the solution 
indicates growth, or multiplication, of bacteriological 
colonies and in which a pair of spaced-apart electrodes 
are placed for applying current to said solution, com- 
prising, 

means connected to said electrodes for applying cur- 
rent to provide a voltage drop of a predetermined 
value across said solution, 

conductance responsive means having an output con- 
nected to one electrode and an input connected to 
the other electrode so that said conductive respon- 
sive means will have the same voltage drop as that 
of said solution, 

a pair of circuits alternately connectable to said con- 
ductance responsive means and to said electrodes, 
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means for alternately connecting each of said pair of 
circuits to said conductance responsive means and 
to said electrodes, 

each circuit having, 

means for applying an alternating AC current in 5 
square wave form to said conductance respon- 
sive means and to said electrodes to provide a 
peak voltage across said solution, 
means for maintaining the output voltage of said 
conductance responsive means at said predeter- 1° 
mined value by varying the current level applied 
to said conductance responsive means and to said 
electrodes according to the change in voltage 
across said solution, 

means responsive to said variation in said current 15 
level for producing a circuit voltage output pro- 
portional to the change in voltage determined by 
said conductance responsive means, and 
means connected to both circuits for determining 
the output range of the two circuits producing a 20 
circuit output voltage representative of the 
change of conductance in said solution. 

4. The circuit as claimed in claim 3 further including 
means for varying the frequencies of said alternating 
AC current. 

5. The circuit as claimed in claim 4 further including 
a multiplexer for connecting a plurality of solutions 
under test to the conductance responsive means for 
measuring the conductance of said plurality of said 
solutions continuously. 

6 . The circuit as claimed in claim 4 wherein said 
conductance responsive means comprises, 

an operational amplifier with its negative input con- 
nected to one electrode and its output connected to 35 
the other electrode. 

7. The circuit as claimed in claim 6 wherein said 
means for maintaining said output voltage at a predeter- 
mined value comprises, 

a comparator connected to the output of said opera- 4Q 
tional amplifier to compare the voltage of the out- 
put of said operational amplifier with a precise 
voltage source to produce an error signal when the 
output voltage of said operational amplifier differs 
from the voltage of said precise voltage source, 45 

the output of said comparator being connected to a 
second voltage source which applies a current to 
the input of said operational amplifier to maintain 
the output of said operational amplifier at its prede- 
termined value. 50 

8. The circuit as claimed in claim 7 including a first 
transistor connected as a diode to the negative input of 
said operational amplifier and to the second voltage 
source and a second transistor also connected to the 
first transistor and to said second voltage source to 55 
reflect the current through said first transistor and pro- 
duce said circuit voltage output; 

9. The circuit as claimed in claim 8 wherein said first 
and second transistors are a matched pair. 

10. The circuit as claimed in claim 9 wherein said 60 
means for applying current to the input of said opera- 
tional amplifier comprises a voltage-controlled resis- 
tance connected between said second voltage source 
and the input of said first transistor. 

11. A method for determining growth, or multiplica- 65 
tion, of a solution under test containing biological 
growth media, said solution also containing electrodes 

so that said solution is subject to a current to measure 
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the conductance of said solution as a first output voltage 
of a preselected level, comprising the steps of, 
applying current to said electrodes and to said solu- 
tion, 

measuring the conductance of said solution wherein a 
change in conductance is a function of biological 
change by maintaining the first output voltage at 
said preselected level, 

logarithmically adjusting the current necessary to 
maintain the first output voltage applied to said 
electrodes at a selected level due to a change in 
conductance to provide a wide range of conduc- 
tance measurements, and 

producing a second voltage output as a function of 
the adjusted current. 

12. A circuit for measuring the conductance of a 
solution under test which contains biological growth 
media where an increase in the conductance of the 
solution indicates growth, or multiplication, of bacterio- 
logical colonies and in which a pair of spaced-apart 
electrodes are placed for applying current to said solu- 
tion, comprising, 

an operational amplifier with its output connected to 
one electrode and its negative input connected to 
the other electrode so that said operational ampli- 
fier responds to conductance and produces an out- 
put voltage of a preselected value, 
a variable voltage source and a transistor connected 
as a diode between said voltage source and said 
negative input for applying current to said negative 
input for maintaining the output voltage at said 
preselected level regardless of any change in con- 
ductance, 

a second transistor connected as a diode to said vari- 
able voltage source with characteristics substan- 
tially identical to the first transistor, 
the output of said second transistor being connected 
to a second operational amplifier having a fixed 
resistance feedback to provide a circuit output 
proportional to change in conductance. 

13. A circuit for measuring the conductance of a 
solution under test which contains biological growth 
media where an increase in the conductance of the 
solution indicates growth, or, multiplication, of bacteri- 
ological colonies and in which a pair of spaced-apart 
electrodes are placed for applying current to said solu- 
tion, comprising, 

an operational amplifier with its output connected to 
one electrode and its negative input connected to 
the other electrode for applying current to said 
electrodes and to said solution so that said opera- 
tional amplifier responds to the conductance of said 
solution and produces an output voltage of a prese- 
lected value, and 

a variable voltage source connected to said output of 
said amplifier and a transistor connected as a diode 
between said voltage source and said negative 
input for applying current to said negative input for 
maintaining the output voltage of said amplifier at 
said preselected value regardless of any change in 
conductance of said solution, 
said transistor having a logarithmic output response 
so that a small change in voltage from said voltage 
source produces a large change in current through 
said transistor because of the logarithmic response 
of said transistor thus providing a wide range of 
current variation through said solution from a 
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small change in the voltage from said voltage 
source. 

14. The circuit as claimed in claim 13 further includ- 
ing a second transistor connected as a diode to said 
variable voltage source with characteristics substan- 5 
dally identical to the first transistor to mirror the cur- 
rent through said first transistor and produce an identi- 
cal output current, and means connected to the output 
of said second transistor to transform said identical 
output current to a linear voltage proportional to the 10 
current applied to said solution which is directly pro- 
portional to the conductance changes in said solution 
over a wide range, typically five decades. 

15. The circuit as claimed in claim 13 further includ- 
ing a second transistor connected as a diode to said 15 
variable voltage source with characteristics substan- 
tially identical to the first transistor and having its out- 
put connected to a second operational amplifier having 

a fixed resistance feedback to provide a wide range 
circuit output proportional to a wide range in conduc- 20 
tance change. 

16. A measuring circuit for measuring the conduc- 
tance of a solution under test which contains biological 
growth media where an increase in the conductance of 
the solution indicates growth, or multiplication, of bac- 25 
teriological colonies and in which a pair of space-apart 
electrodes are placed for applying current to said solu- 
tion, comprising, 

conductance responsive means having an output con- 
nected to one electrode and an input connected to 30 
the other electrode for applying current to said 
electrodes to provide a voltage drop of a first po- 
larity and of a predetermined value across said 
solution, said conductance responsive means hav- 
ing the same voltage drop as that of said solution, 35 

a first circuit means for maintaining the voltage drop 
across said solution at a constant value by maintain- 
ing the output voltage of said conductance respon- 
sive means at a constant value by varying the cur- 
rent level applied to said conductance responsive 40 
means and to said electrodes according to any 
change in voltage across said solution, comprising, 
a first variable voltage source having a source out- 
put voltage of a first polarity responsive to any 
change in the output voltage in said conductive 45 
responsive means, and 

a first variable input resistance having logarithmic 
characteristics connected between said variable 
voltage source and said conductive responsive 
means so that a small change in voltage from said 50 
voltage source produces a large change in cur- 
rent flow in one direction through said first vari- 
able input resistance because of the logarithmic 
response of said first variable resistance thus 
providing a wide range of current variation 55 
through said solution from a small change in 
voltage from said voltage source. 

17. The circuit as claimed in claim 16 further includ- 
ing a second circuit means connectable alternately to 
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this same conductive responsive means when said first 
circuit means is disconnected from this same conductive 
responsive means for maintaining the voltage drop 
across said solution at a second constant value by main- 
taining the output voltage of this same conductance 
responsive means at a second constant value by varying 
the current level applied to said conductance responsive 
means and to said electrodes according to any change in 
voltage across said solution, comprising, 
a second variable voltage source having a second 
source output voltage of a second polarity respon- 
sive to any change in the output voltage in said 
conductive responsive means, and 
a second variable input resistance having logarithmic 
characteristics connected between said second 
variable voltage source and said conductive re- 
sponsive means so that a small change in voltage 
from said second voltage source produces a large 
change in current flow in a direction opposite from 
the current flow in said first circuit means through 
said first variable input resistance of the logarith- 
mic response of said second variable input resis- 
tance thus providing a wide range of current varia- 
tion through said solution from a small change in 
the voltage from said second voltage source, 
means for alternately connecting said first and second 
circuit means to said conductive responsive means 
and to said electrodes at a predetermined rate de- 
pending upon the conductance characteristics of 
the solution under test, and 
means for determining which of said circuit means is 
connected to said conductance responsive means at 
the time said conductance responsive means is re- 
sponding to changes in said solution. 

18. The circuit as claimed in claim 16 further includ- 
ing a third variable input resistance having the same 
characteristics as said first variable input resistance to 
mirror the current of the first polarity through said first 
variable input resistance and produce an identical out- 
put current and means connected to the output of said 
third variable input resistance to transform the current 
from said third variable input resistance into a linear 
voltage proportional to the current of the first polarity 
applied to said solution which is directly proportional to 
conductance changes in said solution over a wide range. 

19. The circuit as claimed in claim 17 further includ- 
ing a fourth variable input resistance having the same 
characteristics as said second variable input resistance 
to mirror the current of the second polarity through 
said second variable input resistance and produce an 
identical output current and means connected to the 
output of said fourth variable input resistance to trans- 
form the current from said fourth variable input resis- 
tance into a linear voltage proportional to the current of 
the second polarity applied to said solution which is 
directly proportional to conductance changes in said 
solution over a wide range. 

***** 
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